Cl, and 7 Li 37 Cl in the X 1 Σ + ground states have been prepared. The rovibrational energy levels have been calculated using potential energy surfaces determined by direct potential-fitting employing the rotational and rovibrational transition frequencies of all isotopologues, and required the inclusion of Born-Oppenheimer breakdown terms. Dipole moment functions calculated ab initio at the MRCI/aug-cc-pwCV5Z level have been used for line strength calculations. Partition functions for temperatures up to 5000 K have been calculated. LiF and LiCl are predicted to be present in the atmospheres of hot rocky exoplanets, brown dwarfs, and cool stars.
Introduction
Quantitative spectroscopic data are required to model the spectral energy distributions emitted by astronomical objects. The molecular opacities of a large variety of species are needed and are constantly being updated in support of these observations. Thermochemical equilibrium calculations (dependent on the assumed elemental composition) predict alkali metals and alkali halides to be present in the atmospheres of hot rocky super-Earths (Schaefer et al. 2012) , low-mass dwarf stars, and brown dwarfs (Lodders 1999) . Elemental lines of alkali metals and molecular bands of molecules containing such elements are predicted to be present in their atmospheric spectra.
Thermochemical equilibrium calculations by Lodders (1999) for low-mass dwarf stars and brown dwarfs have suggested LiCl to be the dominant Li-bearing gas over a significant portion of the calculated pressure-temperature (P-T) range. LiF was calculated to be the dominant Li-bearing gas over a smaller P-T range that is bounded by regions of higher and lower temperatures where LiCl is dominant.
Neutral Li resonance lines have typically been used to identify the substellar nature of objects by the "lithium test" (Martín et al. 1999) . Core temperatures in stars are sufficiently high to burn lithium, resulting in rapid lithium depletion compared to substellar objects. Thus, Li I transitions have been used to discriminate between very low-mass (VLM) stars and young brown dwarfs, both having similar temperature and luminosity ranges.
As calculated by Lodders, the abundance of Li gas can be reduced by formation of Li-bearing molecules. In particular, the presence of LiOH, LiCl, and LiF can result in the misclassification of some brown dwarfs as VLM stars due to the reduction in neutral Li. The line wings of the alkali elements are also a significant source of opacity in substellar objects (Burrows & Volobuyev 2003) . Thermochemical equilibrium calculations provide a temperature scale for M dwarfs and brown dwarfs that is based on the presence or absence of major element and alkali element gases in their atmospheres. Weck et al. (2004a) calculated the radiative flux difference in the spectra of model atmospheres of brown dwarfs after the inclusion of LiCl. The radiative flux difference was found to be typically less than 20% and had the largest signature at T eff =1200 K and around the infrared fundamental band origin at 15.8 μm. The spectra, however, lack distinctive features and LiCl is hard to detect in spectra dominated by water absorption.
High-resolution rovibrational spectra of LiCl and LiF have been measured using tunable diode lasers (Maki 1983; Jones & Lindenmayer 1987) and Fourier transform infrared spectrometers (Thompson et al. 1987; Hedderich et al. 1991) . Highresolution pure rotational spectra of LiCl and LiF are also available from older millimeter-wave and submillimeter-wave experiments (Pearson & Gordy 1969 ) and molecular-beam electric resonance (MBER) experiments.
Empirical potentials determined from spectroscopic data have been published for LiF and LiCl. Dunham potentials have been determined by Ogilvie (1992) for LiF and LiCl from Dunham coefficients. A potential referred to as a modified Lennard-Jones function was determined for LiCl by Melville & Coxon (2001) using 2620 transitions, obtaining a weighted standard deviation of 0.904. A description of the potential is provided by Hajigeorgiou & Le Roy (2000) . The fits included rotational and vibrational transitions from all the naturally occurring isotopologues and required that adiabatic and non-adiabatic Born-Oppenheimer breakdown terms be included in the Hamiltonian.
Experimental dipole moments are available mainly from the MBER method. Stark transitions up to v=5 (Mariella et al. 1973 ) and rotational transitions up to v=3 (Wharton et al. 1963) (Ito et al. 1999) . A discrepancy was found with these results compared to analyses of MBER work and it is likely due to the assumptions used for the Herman-Wallis analysis.
An ab initio potential energy surface (PES) of LiCl in the X 1 Σ + state calculated over a large range of internuclear separations has been presented by Weck et al. (2004b) . These calculations were performed at the multi-reference single-and double-excitation configuration interaction (MRSDCI) level of theory. The dipole moment function and transition moments have also been calculated at the same level of theory. The theoretical PES was found to be in good agreement with the experimental PES by Ogilvie (1992) . Previous theoretical investigations were mainly focused on the PESs in the vicinity of the avoided crossing between the two lowest 1 S + states (Kahn et al. 1974; Werner & Meyer 1981) . Weck et al. also provided vibrationally averaged dipole moments and vibrational matrix elements using vibrational wavefunctions obtained by solving the radial nuclear Schrödinger equation (SE). The vibrationally averaged dipole moments were found to systematically overestimate the experimentally determined value by 0.2 D (∼3%). Kurosaki & Yokoyama (2012) have calculated PESs of 13 spin-orbit (SO) Ω states as well as dipole moment functions and transition moments at the MRSDCI level of theory. Core-electron correlation was included in the MRSDCI calculation and was found to be necessary to reliably predict spectroscopic constants. The goal of this work was to assess the role of spin-orbit coupling in the low-lying electronic states of LiCl, not to carry out a highly accurate ground-state calculation; in fact, the agreement with experiments for dipole moments and vibrational frequencies is not as good as that obtained by Weck et al. (2004b) . Ab initio studies of the PESs of the low 1 S + states of LiF and a dipole moment function calculated at the full configuration interaction level of theory have been published by Bauschlicher & Langhoff (1988) . Recently, Nkambule et al. (2015) also calculated LiF PESs for the two lowest singlet states in order to study the Li + and F − neutralization reaction. A line list for the ground electronic state of 7 Li 35 Cl has been presented by Weck et al. (2004a) . A hybrid potential consisting of a shifted potential by Ogilvie (1992) at internuclear distances 3.25a 0 R4.80a 0 was combined with an ab initio potential. For internuclear distances of R>4.80a 0 , a van der Waals dispersion expansion was used.
We present the line lists of both LiCl and LiF in the ground electronic states. To the best of our knowledge, the first line list of LiF is provided herein. The dependence of the vibrational matrix elements on the rotational state due to the HermanWallis effect (Herman & Wallis 1963) has been accounted for in the calculation of the line strengths.
Computational Methods
Ab initio calculations have been performed using the MOLPRO 2012 package (Werner et al. 2012) . The dipole moments have been calculated as expectation values at the internally contracted MRSDCI level of theory employing the augcc-pwCV5Z basis set. All electrons were included in the correlation treatment. Weck et al. (2004b) used a similar method for LiCl, but with a Slater-type basis set and without core correlation. The wavefunctions used for the MRCI calculations have been obtained from state-averaged CASSCF calculations of the two lowest 1 S + states, having equal weights. The active space included all orbitals obtained from the atomic valence orbitals (3-6a 1 , 1-2b 1 , and 1-2b 2 for LiF and 5-8a 1 , 2-3b 1 , and 2-3b 2 for LiCl in the C v 2 point group symmetry used).
Results

PES Fitting
Direct potential-fitting employing the program dPotFit by Le Roy (2017a) has been used to determine the empirical expanded Morse oscillator (EMO) potential for LiF and LiCl by least squares fitting of spectroscopic transitions: determined by the experimental data as previously demonstrated by direct potential-fitting of the alkali halides NaCl and KCl (Barton et al. 2014) . The q parameter in Equation (3) was set to 2 (p and q, occurring in the Born-Oppenheimer breakdown correction terms, were set to 2 (Le Roy 2017b)). Cl, and 7 Li 37 Cl for LiCl), an effective radial SE derived by Watson, accounting for the atomic-mass-dependent BOB, had to be used. The approach employed by dPotFit to account for the BOB correction functions is described in detail by Le Roy & Huang (2002) and results in the determination of the fitted parameters u n X and t n X ( Table 1) . 7 LiF and 7 Li 35 Cl were set as the reference isotopologues in the BOB correction functions. The fitted parameters are provided in Table 1 .
Line Strengths
The program LEVEL by Le Roy (2017b) has been employed to calculate the vibrational wavefunctions of LiF and LiCl by solving the radial SE with the potentials provided in Section 3.1. Using LEVEL, the Einstein A coefficients, in s The dipole moment matrix elements are J-dependent for the Herman-Wallis effect (Herman & Wallis 1963) . M(r) was calculated ab initio as described in Section 2 and is provided in Table 2 . The ab initio dipole moments at the calculated equilibrium structures at 1.5583 and 2.0149 Å were 6.324 D and 7.236 D for LiF and LiCl, respectively. The ab initio equilibrium structures are found to be shorter by 0.0056 and 0.0058 Å from the values determined by the direct potentialfitting for LiF and LiCl and the ab initio equilibrium dipole moments are larger by 0.040 D and 0.161 D from the values obtained from the MBER data for LiF and LiCl, respectively.
The oscillator strengths ( f J J ¢¬  ) have been calculated from A J J ¢  by Bernath (2016) as
where ñ is the transition wavenumber in units of cm
. Calculated transition frequencies, Einstein A coefficients, dipole moment matrix elements, and the oscillator strengths for transitions with upper vibrational levels up to v=11 and rotational levels up to J=200 for all isotopologues of LiF and LiCl are provided in Table 3 . Transitions up to Δv=2 and Δv=8 have been provided for LiF and LiCl, respectively, because the calculations for larger Δv values are not reliable. As noted by Medvedev et al. (2016) and others, transition dipole moments should decrease in a regular pattern as Δv increases, but various numerical problems can prevent this. For LiF and LiCl, the calculated transition moments no longer decrease as expected for Δv>2 and Δv>8, respectively, so they are not provided in Table 3 . Refinement of the ab initio pointwise dipole moment function grids and calculations with quadruple precision have been used in attempts to prevent this flattening of the intensities, but without much success.
Partition Function
The partition functions for LiF and LiCl isotopologues have been calculated with vibrational levels up to the dissociation limit with all rotational levels (including quasibound levels) as follows:
The partition function has been calculated in the temperature range 1-5000 K in steps of 1 K. A polynomial regression has been performed on the following expression:
The calculated partition functions and the determined a n coefficients are provided in Tables 4 and 5 , respectively.
Conclusions
The line lists for LiF and for LiCl in their X 1 Σ + states have been calculated using ab initio dipole moment functions. EMO empirical potentials have been determined for both molecules by direct potential-fitting using rovibrational and rotational transitions. The observed minus calculated residuals for LiCl transitions are improved by about 3 orders of magnitude from the transitions calculated by Weck et al. (2004a) . This difference is likely due to the use of the potential by Ogilvie (1992) , which was not obtained by direct potential-fitting. The vibrationally averaged dipole moments and the ab initio calculated r e and μ e are in better agreement with experiments than the values calculated previously by Weck et al. (2004b) for LiCl. The line lists can be used in model atmosphere calculations for spectroscopic measurements of astronomical objects that contain LiF and LiCl.
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